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Method and apparatus are provided for 
establishing and controlling the stability and 
movement of a reaction wave of reacting gases 
in a matrix of solid heat-resistant matter, wherein 
such reacting gases may be recuperatively pre- 
heated. At least a portion of the bed is initially 
preheated above the autolgnition temperature of 
the mixture whereby the mixture reacts upon 
being introduced into the matrix thereby initiating 
a self-sustaining reaction region, after which the 
pre-heatirtg can be terminated. The stability and 
movement of the wave within the matrix is 
maintained by monitoring the temperatures along 
the flowpath of the gases through the bed and 
adjusting the flow of the gases and/or vapors or 
air to maintain and stabilize the wave in the bed. 
The method and apparatus provide for the 
reaction or combustion of gases to minimize NOx 
and undesired products of incomplete 
combustion. A recuperative heat exchange 
system may be used to preheat the reactants 
with heat generated by the reaction by 
channeling hot exhaust gases through the matrix 
surrounding reactant inlet tubes. The inlet tubes 
are thermally conducting and contain an interior 
matrix. The matrices interior to and surrounding 
the inlet tubes promote radiative heat transfer. 
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) Method and apparatus for controlled reaction In a reaction matrix. 



r) Method and apparatus are provided for estab- 
lishing and controlling the stability and move- 
ment of a reaction wave of reacting gases in a 
matrix of solid heat-resistant matter, wherein 
such reacting gases may be recuperatively 
pre-heated. At least a portion of the bed is 
initially preheated above the autoignitton tem- 
perature of the mixture whereby the mixture 
reacts upon being introduced into the matrix 
thereby initiating a seif-sustaining reaction reg- 
ion, after which the pre-heating can be terrro- 
nated. The stability and movement of the wave 
within the matrix is maintained by monitoring 
the temperatures along the flowpath of the 
gases through the bed and adjusting fiie flow of 
the gases and/or vapors or air to maintain and 
stabilize the wave in the bed. The method and 
apparatus provide for the reaction or combus- 
tion of gases to minimize NO, and undesired 
products of incomplete combustion. A re- 
cuperative heat exchange system may be used 
to preheat the reactants with heat generated by 
the reaction by channeling hot exhaust gases 
through the matrix surrounding reactant inlet 
tubes. The iniet tubes are thermally conducting 
and contain an interior matrix. The matrices 
interior to and surrounding the iniet tubes pro- 
mote radiative heat transfer. 




FIG. II. 



EP 0 524 736 A2 



FIELD OF THE INVENTION 

The present invention is directed to a method and apparatus for the controlled exothermifc reaction, and, 
in particular, for the combustion, of gases or vapors within a bed matrix whereby the stabilityjand movement 
of the reaction wave is controlled to minimize or eliminate undesirable emission products such as NO K and prod- 
ucts of incomplete reaction such as CO and hydrocarbons, and wherein the gases or vapors |may be heated 
prior to combustion by an efficient heat recuperation system. The present invention is also directed to a method 
and apparatus for heating a working fluid by passing the working fluid through pipes in thermal contact with 
the matrix of the aforementioned system. I 

BACKGROUND OF THE INVENTION 

Many process streams of vapors, such as effluents from chemical processing plants, refinejries, etc., utilize 
combustors to destroy the toxic or reactive constituents of the process gases or vapors prior to release to the 
atmosphere. Combustors are also utilized to generate energy through the oxidation of fuels suph as methane. 
However, with increasing demands on environmental control of emissions, the use of free flames to combust 
such effluents is in many cases unsatisfactory. A free flame also results, In some Instances, in incomplete com- 
bustion and uncontrollable production of undesirable side products. , 

It is therefore an object of the present invention to provide a method and apparatus forflameless oxidative 
reaction of gases or vapors to minimize or reduce NO x emission and products of incomplete cjombustion. 

It is yet a further object of the present invention to provide an apparatus producing a stable,|yet controllably 
movable reaction (combustion) wave in a matrix without the use of catalytic materials. 

It is another object of the present invention to provide a method and apparatus for utilizing the heat gen- 
erated In a reaction matrix to preheat fuel-air mixtures directed to the matrix. 

It is another object of the present invention to provide a highly efficient method of heat transfer from a hot 
gas stream to one or more cold fluids. | 

It is another object of the present invention to provide an enhancement to conventional gas-to-gas heat 
exchange methods, by the use of fins that are radiatively, as opposed to conductively, coupled to the heat ex- 
change tubes. 

It is another object of the present invention to provide a combustion system with a large turndown perfor- 
mance coefficient. 

It is another object of the present invention to heat a working fluid or gas with the heat generated by an 
exothermic reaction in a reaction matrix with a recuperative heat exchange system for heating Incoming reac- 
tants. 

It is a further object of the present invention to provide a method and apparatus for the destruction of gases 
and vapors, or the combustion of fuel , such as natural gas or organic vapors, whereby me input mixture of gases 
may be outside the explosion limit of the constituents. Exemplary compounds include, hydrocarbons, oxygen- 
ated hydrocarbons, aminated hydrocarbons, halogenated compounds, and sulfur-containing (jompounds. 

It is yet another object of the present invention to provide a method and apparatus for thejminimization of 
thermal- and fuel-NO,, combustion by-products to levels substantially below those achievable |>y conventional 
combustion technologies such as premixed, nozzle-mixed, or staged burners, or by NO„ removal processes 
such as Thermal De-NO, (R.K. Lyon [1975] U.S. Patent No. 3,900,554, assigned to Exxon, cjorp.), Selective 
Catalytic Reduction, and Rap-Re-NO x (R. Perry [c.1985] patent assigned to Technor, Inc., Livefmore, CA). Ad- 
ditionally, the present invention allows for minimization or elimination of nitrous oxide (N 2 Q) and ammonia (NHj), 
which are often by-products of the NO* removal techniques. 

These and other objects will be apparentfrom the following description, appended drawings, and from prac- 
tice of the invention. Thefollowing description will be made in conjunction with reactions describing combustion, 
such as combustion of natural gas, but the present invention is not limited to the combustion of gases with the 
object of minimizing NO x and other products of incomplete combustion. The controllability and Ursatilityofthe 
method and apparatus according to the present invention also provide, if desired, the ability toisynthesize NO, 
CO, hydrocarbons, or selected products of incomplete combustion, for example, by varying thb outlet temper- 
atures of the reactor, inlet composition of the stream, the residence time of the stream with in Vnd reactor, stream 
heating value, etc. 

This method and apparatus can be functionally applied to processes where the minimization of NO„ and 
products of incomplete combustion is desired in conjunction with either (a) destruction of a particular gas or 
vapor, or (b) combustion of fuel to generate heat. 

In the following description of the present invention the terms "process gases," "process; vapors," "fuel," 
"fuel mixture," "reactants," and the like will be used interchangeably to indicate chemical mixtures that can be 
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reacted. 

SUMMARY OF THE INVENTION 

5 The present invention provides a method for establishing, maintaining and controlling tjie stability and 
movement of the reaction wave, which is flameless, of the reaction of gases or vapors comprising the steps of 
directing a mixture of the gases or vapors, with air and/br oxygen, into a bed of sol id heat-resjstant matter, at 
least a portion of the bed initially being above the autoignifjon temperature of the mixture {typically In the range 
of 1400°F (760°C)), whereby the mixture ignites and reacts exomermajly in the bed, forming the| reaction wave. 

10 Within an appropriate range of inlet mixture compositions, the reaction is self-sustaining; no external heat being 
required to maintain the process temperature. The location and stability of the reaction wave, of the reacting 
mixture within the bed is controlled by monitoring the temperatures along the flowpath of the mixture through 
the bed and adjusting the flow of gases or vapors, and air or oxygen to maintain and stabilize the; reaction wave. 
The uniformity of the reaction wave provided by the present invention, and the increased mixing and heat treat- 

15 ment afforded by the matrix according to the present invention, provide for a high conversion of reactartts to 
products. 

The present process and apparatus also provide a method for flameless combustion in aj reaction matrix 
of gases that have been preheated by an efficient recuperative heat exchange system. This provides a method 
for reducing the fuel concentration required for combustion comprising the steps of directing a mixture of the 
20 gases or vapors, with air and/or oxygen, into thermally conducting feed tubes embedded in solid heat-resistant 
matter, the outlet of the tubes being located in the interior of the bed of solid matter, at least a portion of the 
bed initially being above approximately 1400°F <760°C), whereby the mixture ignites and reacts exothermally 
in the bed in a "well-stirred reactor" configuration, creating hot exhaust gases and heating the matrix. The matrix 
surrounding the feed tubes is heated by forced convection from the exhaust gases, as well as inner body ther- 
25 mal radiation and conduction in the matrix. The feed tubes are heated by thermal radiation from the surrounding 
matrix, as well as conduction from the matrix and convection from the exhaust gases. The feed tubes heat the 
matrix interior to the feed tubes by thermal radiation, as well as thermal conduction and convection by Inter- 
vening gases. The fuel mixture in a feed tube is heated by the feed tube and the matrix inside the feed tube 
by convection as well as thermal radiation. Within an appropriate range of inlet mixture compositions, the re- 
30 action is self-sustaining, i.e., no external heat is required to maintain the process temperature!. 

The heating of the gases provided by the recuperative heat exchange system according t^ the present in- 
vention, provides for a high conversion of reactants to products. Moreover, this conversion may be obtained 
at lower temperatures and residence times than those required in a conventional incinerator, jhere is also in- 
herent safety in Hie use of a process in which there are no open flames, and in which the mixture of gases to 
35 be introduced into the matrix is relatively cool, outside the f lammability limits of the constituents; and, therefore, 
not explosive under ambient conditions. 

The invention also provides an apparatus for utilizing this method comprising a bed of soliji heat-resistant 
matter, which bed may be insulated from the exterior environment; means for mixing air or oxygen with the foel 
gas; means for adjusting the f lowrate and/or volume of the gases introduced to the bed; means for controlling 
40 the volume and/or f lowrate of the fuel mixture into the matrix; means for introducing the gases or vapors into 
the bed through feed tubes embedded in the bed; means for utilizing the heat generated by the Ireaction to heat 
the feel mixture entering the reaction matrix through the feed tubes; and means for exhaustinglthe products of 
combustion from the bed. 

The invention also provides a method for improving the efficiency of gas-to-gas heat exchafige at high tem- 
45 peratures, by the utilization of heat exchange tubes imbedded in a matrix that acts as a radiathjrely-coupled fin 
to enhance the conveyance of heat from the gas to tube, and vice versa. 

BRIEF DESCRIPTION OF THE DRAWINGS 



Fig. 1 plots heat transferred versus mass flow for four model heat-transfer systems. 
Fig. 2 plots frictional power loss versus mass flow for the four model heat-transfer systems. 
Fig. 3 plots the ratio of heat transferred to frictional power loss versus mass flow for the fpur model heat- 
transfer systems. 

Fig. 4 plots the difference between heat transferred and frictional power loss versus mass flow for the four 
model heat-transfer systems. 

Fig. 5 is a schematic view of an apparatus for use In accordance with the present inventiqn without using 
the enhanced recuperative aspect. 



Fig. 6 shows the hot and cool zones in the apparatus of Fig. 5 during operation. 



I 
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Fig. 7 is a second apparatus for use in accordance with the present invention without using the enhanced 
recuperative aspect 

Fig. 8 is yet another apparatus for use in accordance with the present invention. 

Fig. 9 is another configuration of an apparatus in accordance with the present invention. 

Fig. 10 is a variation of the apparatus of Fig. 9. 

Fig. 11 is a schematic view of a preferred apparatus for use in accordance with the present invention util- 
izing the enhanced recuperative aspect. I 

Fig. 12 is a graph comparing the temperature profile of the present invention with that of an embodiment 
where the exhaust gases are not channeled through the matrix near the feed tubes. 

Fig. 13 is a second preferred apparatus wherein the heat generated by the reaction is usedj to heat a work- 
ing fluid. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 



I 



The apparatus according to the present Invention contains a bed of heat-resistant material and means for 
monitoring the temperature along the f lowpath of gases through the heat-resistant material. B) monitoring the 
temperature of the reaction wave within the bed matrix and controlling the flow anaVor volume of gases entering 
and leaving the matrix as well as the temperature of the matrix, the reaction wave may be mai itained at a rel- 
atively uniform temperature radially and at a constant location within the bed. The reaction ms trix bed may be 
sized for any desired flow stream by altering the matrix flow cross-section, height, material, voi I fraction, outlet 
temperature, and supplemental heat or fuel value addition, if desired. Preferred matrix mater als are ceramic 
bails, but other bed materials and configurations may be used, including, but not limited to, ot(ier random cer- 
amic packings such as saddles or pall rings, structured ceramic packing, ceramic or metal foafn, metal or cer- 
amic wool and the like. 

By maintaining the stability and uniformity of temperature of the reaction wave within the matrix, and as a 
result of the fundamentally enhanced reaction wave propagation mechanism of inner body surface radiation 
coupled with forced convection and inner matrix solids thermal conduction, it is believed that the matrix burning 
velocity of the mixture in the matrix may be independent of, or more Independent of the systerji pressure than 
the burning velocity of an identical mixture by conventional Incineration. This is an improvement over conven- 
tional combustors wherein the laminarf lame speed of fuel mixtures in airdecreases signif kanM with increasing 
system pressure. See Egolfopoulos et at., "Laminar name Speeds of Methane-Air Mixtures Under Reduced 
and Elevated Temperatures," 76 COMBUSTION AND FLAME 375 (1989). According to the present invention, 
the combustion intensity of reacting gases through a unit cross-sectional area would Increase dfrectly with pres- 
sure, since the mass flow of gases would increase direcfly with pressure, and the matrix bujning velocity is 
not expected to decrease with pressure. The non-negative dependence of matrix burning vT " 
is expected to be a result of one or both of the phenomena of in-matrix, backward-propagatingJinnei 
face radiation of heat, and forced-convection of heat from the solid matrix to the incoming gases. 

As a result of the laminar and plug flow characteristics of this process, and the good distribution of heat 
resulting from the inlra-matrix surface radiation coupled with surface convection, the combustion of the fuel is 
more complete than flame combustion. According to the present invention, the fuel mixture is heated by heat 
generated by the reaction, further increasing the completeness of the reaction. 

The effectiveness of the heat recuperation of the present invention is due, in part, to (a) the effects of the 
forced convection of the exhaust gases on the temperature profile in the matrix, (b) the rota of the matrix in 
extracting heat from the exhaust gases and transferring that heat to the feed tu bes. and (c) the role of the matrix 
inside the feed tubes in obtaining heat from the feed tubes and transferring that heat to the in|soming p 

Means for extracting heat from a gas by convection and transferring that heat by radiation] will be referred 
to as a "radiatively-coupled fin." A conventional fin enhances heat transfer from a fluid to a hjbe by providing 
additional surface area for convection, and conducting the additional heat to the tube. The rr 
as a radiatively-coupled fin by enhancing convection with the gases and transferring this hesjt by radiation to 
the tubes. Radiativeiy-coupled fins should be distinguished from radiative heat exchange frojn fins to an ex- 
ternal environment, as exemplified in Siegel and Howell, THERMAL RADIATION HEAT TRANSFER, 2nd Ed., 
pp.390-405. There, the fin is coupled to the main heat transfer surface (the tube) by conducjion, whereas in 
the present invention the coupling is primarily radiative. 

It is desirable to have a high recuperative effectiveness for the transfer of heat from the reaction to the 
incoming fuel mixture. Therefore, the heat exchange from the exhaust gases and reaction maW materials to 
the feed tubes is an important feature of the operation of the apparatus and method of the present invention. 
Because thermal heat radiation from gases is relatively small, the primary source of heat transfer from the ex- 
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haust gases to the matrix is by forced convection. Because the amount of thermal heat radiation per unit surface 
area goes as the fourth power of temperature, whereas the transfer of heat by conduction goes as the spatial 
derivative of temperature and therefore roughly as the first power of temperature, the dominant mode of heat 
transfer from the matrix to the feed tubes, and from the feed tubes to the matrix inside, will be by radiation at 
the high temperatures associated with combustion. Because the incoming process gases are 1 "optically thin" 
to thermal radiation, the dominant mode of heat transfer from the interior of the feed tubes and the tube matrices 
to the process gases will be by forced convection. Because the temperature profile near a Not region of the 
matrix will decay exponentially with distance in the absence of forced convection, the convection of the exhaust 
gases through the matrix surrounding the feed tubes can substantially Increase the temperature in regions of 
the matrix distant from the combustion region. Forced convection of the exhaust gases through! the matrix near 
the feed tubes therefore substantially increases heat transfer to the feed tubes at points distarit from the com- 
bustion region. Additionally, the presence of the matrix en nances convection locally by disrupting the boundary 
layer adjacent to the tubes, and improving Hie conveyance of heat, as taught by U.S. Patent 4>593,754 (Holl), 
Therefore, the matrix interior and exterior to the feed tubes, and the channeling of the exhausjt gases into the 
region of the matrix surrounding the feed tubes, play important roles in the efficient heat recuperation of the 
present invention. It should be understood that these observations in no way imply that the processor of the 
present invention is to be limited to embodiments wherein the primary modes of heat transfer are due to the 
modes mentioned above. 

Accordingly, the types of materials on the inside and outside of any feed tubes used should! have high heat 
conductance by radiation, convection and conduction. The heat transfer properties of the system are also de- 
pendent on the ratio of radiative to convective heat-transfer, the temperature profiles in the feed tubes, and 
the number, size and spacing of the tubes. These properties may be vied either concurrently! or discretely to 
achieve a desired effect Optimal design choices allow the heat-transfer coefficient of the exhaust gases to 
the feed tubes to be in the range of 43 to 67 W/m*>K, which is substantially higher than conventional gas con- 
vective heat exchange coefficients (generally in the range of 23 to 45 W/m*K (PERRY'S CHEMICAL ENGI- 
NEER'S HANDBOOK: Sixth Edition, pp.10-45 (1984)). 

The radiative heat transfer within the bed, the walls of the combustor containing the bed, and the gas mol- 
ecules within the reactor themselves are also important features of the operation of the apparatus and the meth- 
od of the present invention. Therefore, the types of materials in the bed may be varied so tha( the Inner body 
heat transfer characteristics, the radiative characteristics, the forced convective characteristics, and the inner 
matrix solids thermally conductive characteristics may be controlled within the bed. This may be done by vary- 
ing the radiative heat transfer characteristics of the matrix by using different sizes of bed materials to change 
the mean free radiative path or varying the emissMty of the bed materials, varying the forced convection heat 
transfer characteristics of the matrix by varying its surface area per unit volume, or geometry, vprying the inner 
matrix solids thermally conductive heat transfer characteristics of the matrix by using bed materials with dif- 
ferent thermal conductivities, or changing the point to point surface contact area of the materials in the bed. 
These properties may be varied either concurrently or discretely to achieve a desired effect. | 

In addition to changing the properties of the reaction matrix itself, an interface or several interfaces can 
be Introduced into the bed where one or more of the heat transfer properties of the bed are discretely or con- 
currently changed on either side of the interface and wherein this variation serves to help stabilize the wave 
in that location and acts as a "reaction wave anchor." This may be done, for example, by introducing an interface 
where void fractions change across the interface within the bed. The interface may change this mean free ra- 
diative path across the interface independent of the void fraction. By changing materials, t 
change across the interface within the bed. Changing the area per unit volume of the bed rrledia across an 
interface, the forced convective heat transfer characteristics may change as the gas is passed across the in- 



The matrix cross-section perpendicular to theflowaxis may be configured in a circular, squd 
or other geometry. The area of the cross-section may be intentionally varied (Le. as a truncated cone or trun- 
cated pyramid) to achieve a wide stable range of reactant volumetric flowrates at each giver| matrix burning 



The preferred materials of the bed matrix are preferably ceramic balls or other types cjf random heat- 
resistant packing. To evenly distribute incoming gases there will typically, but not necessarfly, be a plenum, pre- 
ferably made of a heat-resistant material such as brick or ceramic balls, in which incoming gaees will be pre- 
ferably distributed and further mixed prior to entering the bed. If a plenum of brick or ceramicl balls is used, it 
will typically comprise a section with very low radial pressure drop, so that cross-sectional gds distribution is 
maximized, and it will also cause a slight pressure drop (approximately 1/4 inch to 10 inches (0.635-25.4 cm) 
W.C.) across the plenum interface prior to the bed in order to more evenly distribute the gases entering the 
bed. In addition, the plenum may provide an interface, with varying heat transfer characteristics on either side 
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of the interface, in the junction between the plenum and the bed. 

The exterior reactor walls contain the process flow during operation, and are preferably (made of carbon 
steel. The exterior walls may be lined with a non-permeable, corrosion-resistant coating and a refractory in- 
sulating material, such as firebrick that may be coated with a porosity-reducing compound. Dense castabte re- 
fractory materials, backed up with insulating refractory materials, such as ceramic fiber board a hd ceramic fiber 
blanket, are also preferred lining materials. Other preferred materials are Haynes Alloy No. 214, Inconel Alloy 
No. 600, inconel Alloy No. 601, Stainless Steel No. 310 and Stainless Steel No. 309. 

To bring the gases and/or matrix up to the desired temperature prior to starting the reactor, preferably a 
preheater may be utilized to preheat the packed bed matrix. ! 

Convenient means for mixing the gases and/or oxygen prior to entering the bed may be utilized, such as 
a venturi-type or twisted Insert static gas-air mixer. An outlet must be provided to allow for gases to escape 
during preheating and/or processing. Temperature sensing means such as thermocouples will usually be lo- 
cated in thermowells inserted into the bed. Typically, there will be thermowells located at inlet and outlet ports 
and in the void spaces in the bed. 

A programmable control system may be utilized using the outputs from the thermocouples to automatically 
adjust the dilution air and/or supplemental fuel to maintain the stability and location of the reaction wave within 
the bed. Due to the inherently stabilizing thermal mass of the matrix, the reactant gases may be introduced in 
a continuous or intermittent manner. 

For a reactor that processes corrosive gases such as chlorine, hydrogen chloride, sulfurdicjeide and others, 
the steel shell may be maintained at moderately high temperature, preferably 300° to 400°F (15u-205°C), to 
minimize dewpoirrt corrosion. In addition, the carbon steel shell may be lined with dewpoint coilrosion resistant 
materials, such as Fortress High Temperature Stalastic bitu mastic coating (Witeo). A porosity-reducing coating, 
such as Alundum Patch Primer (Norton) on the refractory surface may also reduce the permeajion of corrosive 
agents from the interior of the processor to the carbon steel shell. The Interior temperature of the reactor may 
typically be maintained between 1400° and 3500°F (760-1925°C), depending on the process requirements. 

In a typical process, a preheater is used, fired for example with natural gas, to heat the plenum, if present, 
and the bed In order to raise the bed temperatures above the autoignition point of the gases tijiat will be used. 
The pre-heater can be any device that will raise the temperature of the bed directly, or any device to pre-heat 
gases that can then be channeled into the bed to pre-heat the bed itself. Pre-heating devices include: gas burn- 
ers, electric heaters mounted exterior to or interior of, the matrix, inductive heaters, radiant tube heaters, etc. 
Once a sufficient temperature has been achieved throug hout the entrance portion of the processor, or, in other 
embodiments, at the outlet ends of the feed tubes, preheating is ceased. 

In one embodiment, ambient air is then forced with pressure into the plenum, If used, and ijrto the bed until 
the plenum is cooled to a temperature below the autoignition of the process gases to be introduced. By intro- 
ducing ambient air through the plenum, the plenum cools the quickest, while the matrix tem| 
largely above the autoignition temperature although the matrix immediately adjacent to thel plenum will be 
cooled below the autoignition temperature. 

The process gas is introduced into the plenum, if used, and the bed. The combustion 
in the matrix whereby the compounds are ignited and oxidized to stable products, such as 
combustion wave is observed as a steep increase in bed temperature from ambient temi 
side of the wave to approximately the adiabatic flame temperature of the mixture on the outlet slide of the wave. 
This rapid change takes place over a distance of usually several inches in a typical pilot projassor, with the 
actual distance being dependent upon feed concentrations, feed rates, gas velocity distribution, bed material, 
and bed physical properties, type of specific feed materials, etc. Heat losses in the direction of flow also will 
have an effect on the length of the combustion wave. The wave may be moved with, against dx stationary rel- 
ative to the inlet feed direction by varying the feed gas concentration or flowrate. If 
added to or removed from the incoming gases to further stabilize the wave. If desired, cool 
as water-containing pipes may be inserted into or around the matrix to remove heat 
and further stabilize the reaction wave. 

The temperature of the combustion is dependent upon feed concentrations, feed rates, ^as velocity dis- 
tribution, feed tube material, the size, number and placement of feed tubes, bed physical 
specific feed materials, heat losses, etc. If desired, cooled surfaces such as water-containir 
inserted into, or around, the matrix to remove heat from the reacting gases and stabilize the 
Temperature information within the matrix bed may be monitored and used to control feed rates, feed concen- 
trations, cooling systems, etc. 

A major advantage of the present invention is that the process according to the present invention is ex- 
tremely safe in that the gaseous reactants for the reaction (combustion) wave may be maintained, upon entry 
into the matrix, at, or below, the tower explosive limit (LEL) for the gaseous mixture. This lessens the chance 




type of 
pipes may be 
iction region. 
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of accidental and premature burning or explosion. Furthermore, the concentration of incoming reactents may 
be maintained at, or above, the upper flammability limits of the mixture of gases, further adding to the safety 
features of the invention, or the concentration of incoming reactants may be maintained between the upper and 
lower flammability limits of the mixture of gases. 

5 While combustion intensities from 1 .6 x 10* W/m 3 to 8 x 10 s W/m 3 have been achieved at sub-LEL condi- 
tions in a pilot unit, it is believed that combustion intensities from 1 .6 x 1 0? W/m 3 to 4 x 10™ W/m 3 are achievable 
with this method at pressures from 0.1 to 1 0.0 atmospheres; or for atmospheric pressure applications, com- 
bustion intensities from 1.6 x 10 s W/m 3 to 4 x 10 9 W/m 3 are achievable. Conventional technologies, such as 
domestic boilers, navy boilers, industrial gas turbines, aircraft gas turbines, welt-stirred reactors, and premixed 

10 laminarf lame zones generate a maximum energy output at atmospheric pressure of 1 0 5 , 2x1 0 6 , fl 0 7 , 1 0 s , 2x1 0 B , 
and 3x10» W/m 3 , respectively (see RA Strehlow, COMBUSTION FUNDAMENTALS, McGraj-Hill Co., N.Y., 
N.Y. (1984), p.200). The high volumetric rates of heat release for the combustor of the present indention indicate 
that extremely compact devices may be constructed. 

In one embodiment not untilizing the enhanced recuperative aspects of the feed tubes ofjthe present in- 

15 vention, a plenum is preferably utilized at the entry of the bed for u rtiformity of mixing, cross-sectional velocity 
profiles and temperature of the incoming gases. It is believed that this helps to achieve a relatively flat cross- 
sectional profile of the combustion wave perpendicular to the direction of the flow of the gases through the bed. 
In some instances the plenum may be desirable to achieve the flatness of the cross-section of the wave, de- 
pending on the configuration of me matrix. ' 

20 In another embodiment, utilizing the enhanced recuperative aspects of the present inventioh, the reactants 
are introduced to the matrix by a plurality of feed tubes. It is believed that a uniform distribution of the tube 
outlets helps to achieve a relatively homogeneous combustion region in the bed. A combustiorj region with an 
average velocity of zero (although local velocities may be large), and no chemical concenbjation gradients 
(though reactants constantly enter and leave the reaction region) is referred to as a well-stirrec- reaction zone. 

25 The size and geometry of the region above the feed tubes, the flow rate of the reactants, and the sizes and 
spacings of the tubes are design criteria that influence the amount of stirring in the reaction zorte. The first two 
factors also Influence the residence time of reactants within the reaction zone. 

While in some Instances a relatively flat cross-sectio nal profile, or a well-stirred or relatively homogeneous 
combustion region may be desirable, this uniformity is not necessary for the device to work, and in some in- 

30 stances a non-homogeneous combustion region, or a non-flat, spherical, or bullet-shaped profile may be de- 
sirable. In some cases, a gas permeable barrier such as heat resistant screen or perforated plate may be ben- 
eficial to help maintain the mechanical integrity of the maWx during operation where high gas velocities or ex- 
cessive vibrations occur. 

The reaction wave may move or rein stationary relative to the inlet flow direction by increasing or decreas- 
35 ing the percentage of fuel in the inlet mixture. For applications where it is desirable to use gasmixtures below 
their respective flammability limits, the method is functional at relatively low fuel concenlratiojis, for example 
from 1 .3 to 4.8 volume percent of natural gas in air. For other applications, where thereactton of fuel and oxygen 
in near- or super-stoichiometric proportions is desired, the method can function at much higher fuel concen- 
trations, for example from 5 to 25 volume percent natural gas in air, if heat-resistant materials are used in the 
40 device. 

Alteration of the flowrate and composition of the inlet stream may be used to cause the combustion wave 
to migrate, however, this motion is slow due to the large thermal mass of a typical matrix. For instance, the 
flowrate may be controlled to prevent or encourage combustion inside, above, or around feed tebes. Similarly, 
unplanned fluctuations in the flowrate and/or composition of the inlet stream may also cause jrave migration. 
45 However, this effect may be reversed by one orrnbre counteracting process changes issued by g| programmable 
controller to control valves governing supplementary fuel and dilution air, in response to chafes in sensed 
temperatures along the bed. The system may be designed so as to minimize combustion deajl-zones. 

In a typical processor as described in further detail hereinbelow using methane as a feed gks, the destruc- 
tion and removal efficiency (D RE) of methane has been shown to be greater than 99.99%. The^mission levels 
so of thermal-No, in the same combustor was less than 0.005 lb (2.3 gm) of NO x (as NOj) per niillion BTU, and 
the CO levels have been observed to be below the lower detection limit (1 0 parts per million) of the CO analyzer. 
Typically, levels of nitrous oxide will not exceed 0.3 parte per million by volume. 

The burning velocity of the reactant gases in the matrix as described in further detail herein below, even 
when measured at conditions below the conventional flammability limit of methane in free a|, has been ob- 
55 served to be as much as 2 to 1 0 times greater tha n the fastest known lami nar flame speed of methane in free 
air. | 

The turndown performance, Le. the ratio of me maximum to the minimum heat output, of a system of the 
present invention is at least five to one. It is anticipated that the turndown performance for this 1 type of system 
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can be 1 00 to 1, or greater. 

While the above-described information has been observed, it is contemplated that there 1 is rto limit, I.e., 
minimum or maximum flowrate by which the technology may be utilized. Various plenum configurations, if used, 
may also be utilized for gas distribution in addition to those described herein in the attached figures. The flow 
direction is also not believed to be critical so that the system may be preheated or fed from the bottom up, top 
down, sideways, fed at alternative points in the processor, or the direction of feed may also be alternated. For 
example, it Is also possible to reverse the flow of gases through the processor and channel the exhaust gases 
out of the processor through feed pipes if they are used. 

The preheating means may be electric or any other kind of heating means, and supplemental heating of 
the process gases may be utilized. The combustion wave may also be utilized in conjunction with regenerative 
heat recovery or with internal heat recuperation components identical to or similar to those conventionally avail- 
able for heat recovery systems. While the present invention contemplates bed material without catalysts, a com- 
bined inert bed and catalyst may be used to enhance process characteristics such as reaction rajte, if so desired. 
However, a primary feature of the invention is that the catalyst is not a necessity to the operate functions of 
the reaction matrix. 

Typically a matrix according to the present invention wil comprise a ceramic, which rr^y be randomly 
packed or structurally packed. Preferred random packing comprises ceramic balls that may b|e layered. Gen- 
erally, for combustion of hydrocarbon gases the ceramic balls are useful if they have a diamjeter from about 
0.0625 to 3 inches (0.1 59-7.62 cm) in diameter, preferably about 3/4 inch (1 .9 cm) in diameterj Another useful 
configuration is the use of random ceramic saddles typically from 0.0625 to 3 inch (0.159-7.p2 cm) nominal 
size, preferably about 1/2 to 1.5 inches (1.27-3.81 cm) nominal size. Other useful packing materials are pall 
rings and raschig rings with diameters from about 0.0625 to 3 inches (0.159-7.62 cm), and preferably from about 
1/2 to 1.5 inches (1.27-3.81 cm). 

A ceramic foam material may also be utilized. Typical foam material may be utilized that has a void traction 
of 10 to 99%, preferably 75 to 95% and most preferably about 90%. The pore sizes in any preferred ceramic 
foam material will be about 0.1 to 1,000 pores per inch (0.04 to 400 pores per cm), preferably about 1 to 100 
pores per inch (0.4 to 40 pores per cm), and most preferably about 10 to 30 pores per inch (4!to 12 pores per 
cm). 

Other shapes of ceramic material may be utilized such as honeycomb shape ceramic. Instead of a ceramic, 
the heat-resistant matter used to form the bed may also be a metal, which may be randomly| packed or may 
have a structured packing. 

In a preferred embodiment not utilizing a recuperative aspect, a combustion wave of hydrocarbon gases 
may be stabilized and maintained in a ceramic matrix wherein the combustion wave is characterized by a tength 
scale of greater than 0.1 centimeter, preferably about 2 to 16 inches (5-40 cm) and most preferably about 8 
inches (20 cm). In general, a combustion wave according to the present invention is characterized by a length 
scale of 1 to 10° times the combustion wave length scale of an identical mixture, combustingj under identical 
conditions, in absence of the matrix. Typically a combustion wave according to the present invention may be 
characterized by a length scale of 1 to 10« times the combustion wave length scale, and mosj preferably 1 to 
1,000 times the combustion wave length scale of an Identical mixture under identical conditions, in absence of 
the matrix. A combustion wave according to the present Invention at least may be characterized by a length 
scale of 1 to 100 times the combustion wave length scale of an identical mixture combustingj under Identical 
conditions in absence of the matrix. 

In addition to its use as a stand-alone processing device, the apparatus of the invention m^y be employed 
as an add-on to conventional technology so as to incorporate the benefits of the invention, s 
dampening capability, etc. The matrix may be appended, for example, to the outlet of a o 
to provide an additional margin of safety to handle process fluctuations. 

Among the advantages of the present invention is the ability to control and diminish the ui 
ucts of combustion of typical fuels by controlling the stability of the combustion wave within tt 
matrix or by preheating the fuel mixture, in accordance with the press nt invention. For example, be NO* content 
of combustion of hydrocarbon gases may be lowered to within me range of about 0.1 to 40 p\ 
by volume, dry basis, adjusted to 3% oxygen. Similarly, the carbon monoxide content of combustion of hydro- 
carbon gases may be controlled to be within the range of about 0.1 to 1 0 parts per million by volume, dry basis, 
adjusted to 3% oxygen. Other products of incompl ete combustion may be controlled to comprise) less than about 
5 parts per million of the total gaseous products, by volume, dry basis, adjusted to 3% oxygen. 

Since the combustion or reaction wave according to the present invention is maintainediwithin a matrix, 
rather than an open flame in a chamber or in open atmosphere, many more controls may be imposed upon 
the characteristics of the combustion. The objects that comprise the heat-resistant matter injhe bed may be 
selected by size and shape to obtain a predetermined mean-free radiative path in the matrix. Furthermore, the 
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materials of the heat-resistant matter may be selected so that particles may be placed within the bed having 
appropriate emissivities to obtain a predetermined back heat transfer from the particles intoithe combustion 
or reaction region, thereby improving the desirable characteristics and stability of the wave and of the combus- 
tion. 

5 One of the characteristics attainable by the present invention is the stabilization of the combustion or re- 
action wave at feed f lowrates, such that the velocities of the mixtures of gases entering the wave, when cal- 
culated and adjusted to the conditions of standard temperature and pressure, are greater than the laminarflame 
speed of the mixture at the same conditions in absence of the matrix. This calculated velocity may be obtained 
using the present invention whereby the velocity is about 1 to 1,000 times greater than the lamiriarf lame speed, 

n preferably 1 to 50 times greater than the laminar flame speed, which therefore allows for greater throughput 
of the reaction gases than that of conventional combustion. 

As further demonstration of the improvements attainable by the present invention, the combustion wave 
utilizing the present invention may be stabilized at feed f lowrates such that the calculated veiotities of the mix- 
tures of gases entering the wave, adjusted to conditions of standard temperature and pressjure, are greater 

45 than the turbulent flame speed of the mixtures at the same conditions without the matrix. This calculated velocity 
may be 1 to 1,000 times greater than turbulent flame speed and preferably 1 to 10 times greater than turbulent 
flame speed. 

As yet a further demonstration of the improvements attainable by the present invention, a combustion wave 
maintained and stabilized according to the present invention may typically be characterized by a heat release 

20 per unit cross-sectional area that is higher than the heat release per unit cross-sectional area in a laminar or 
turbulent flame of an identical gaseous mixture at identical conditions, in absence of the matrix of the present 
invention. Preferably the heat release per unit cross-sectional area for combustion of a typical rjydrocarbon gas 
is 1 to 50 times higher than that observed in a laminarflame or a turbulent flame of an identical fixture of gases 
at identical conditions, in the absence of the matrix according to the present invention. Whein used with the 

25 recuperative aspect of the invention, the system of the present invention requires a little as onerfourth as much 
fuel to produce the same burning velocity and combustion temperature as a similar system without recuperative 
heat transfer. 

Whereas the loss of mechanical power from the pumping of a liquid through a heat transfer system is gen- 
erally small, for gases the loss of mechanical energy due to friction may approach the magniude of the heat 

30 energy transferred. As a rule of thumb, for heat transfer systems using gases mechanical energy is considered 
to be 4 to 10 times more valuable than heat energy (see W.M. Kays & A.L London, COMPACT HEAT EX- 
CHANGERS, 3rd ed., McGraw Hill, N.Y., N-Y. (1984), p.1). The analysis below compares the tjeat transfer and 
frictional losses between three hypothetical matrix-based heat exchangers utilizing the recuperative aspect of 
the present invention and one without a matrix, to illustrate the practical benefits of the invention. 

35 A calculation of the heat transfer from hot exhaust gases to the inlet tubes for processors with various types 
of matrix materials, and a processor with no matrix, can be made using well known friction ajnd heat transfer 
properties for matrix materials (W.M. Kays & A.L. London, COMPACT HEAT EXCHANGERS, 3rd ed., McGraw 
Hill, N.Y., N.Y. (1984)) and for shells and tubes (see W.M. Kays & M.E. Crawford, CONVECfVE HEAT AND 
MASS TRANSFER, 2nd ed., McGraw Hill, N.Y, N.Y. (1980)). 

40 The following analysis assumes a 66 inch (1 68 cm) long cylindrical processor with a 41 nj 
ameter. The exterior walls do not participate in heat transfer or friction. Thirty-one 3 inch (7.6 
longitudinally through the shell in a triangular-pitch pattern. The hot exhaust gases are ass 
matrix at2000°F (1090°C), and the entirety of the matrix is assumed to be held at 1600°F (87( 
assumes no radiative heat transfer from the exhaust gases to the tubes, and radiation without resistance from 

45 the matrix to the tube. It should be noted that the results given below depend on the structure tt 

and matrix and the chosen temperatures used in the calculation. Although the present result^ are instructive, 
optimally the comparison would utilize a full recuperative heat transfer model over a range of {>| 
Hons. 

Figures 1 , 2, 3, and 4 plot the heat exchange properties for processors with th ree typesof ijnatrix materials, 
so and a processor with no matrix (no packing). The table below lists the specific surface area (the ratio of matrix 
material surface area per unit volume) and the void fraction for the matrix in each case. 



55 
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Material Specific Surface Void 

Area (m 2 /rs?) Fraction 



s 


0.75 inch (1.9 cm) balls 


196 


0.46 




1 inch (2,5 cm) saddles 


232 


0.71 


10 


0.125 inch (032 cm) balls 


1047 


0.46 




No packing 


8.8 


1.0 



16 

Fig. 1 plots the heat power transferred in watts versus the mass flow in standard cubic feet per minute 
(scfm) for the four systems. The 0.125 inch (0.32 cm) balls have the highest heat transfer, fallowed by the 1 
inch (2.5 cm) saddles, 0.75 inch. (1.9 cm) balls, and finally the system without a matrix. The superiority of the 
0. 125 inch (0.32 cm) balls is due to their higher specific surface area, and therefore total surface area, which 

20 results in a higher convecuve heat transfer. A comparison of the system without a matrix to systems with ma- 
trices shows that the matrix materials improve convectwe heat transfer by almost an order of magnitude. 

Fig. 2 plots frictional power loss versus mass flow for the four systems. Here, a trend similar to that shown 
in Fig. 1 exists, with the smallest balls showi ng the highestfridional power loss, and the system without a matrix 
showing relatively little. An interesting difference is that the saddles, while equally as effectivs in transferring 

25 heat as the larger balls, lose less than half as much energy due to friction. Because this analysis Idealizes the 
radiative heat transfer, it does not include the effect of changes in radiative mean free path, Which may result 
from a change in packing size. This change in radiative mean free path may offset, to some Extent, the gain 
in overall heat transfer due to the improvement in convective heat transfer. 

Fig. 3 plots the ratio of heat transfer to frictional power loss from Figs. 1 and 2 versus mass flow for the 

X four systems. The system with no matrix has the highest value, and the 0.125 inch (0.32 cmj) balls have the 
lowest value of this ratio. However, in all cases the ratio is above 30. Recalling that mechanical energy is 4 to 
10 times more valuable than thermal energy, each of these systems provides a net gain. 

Fig. 4 plots the difference between the heat transfer and frictional power loss versus mass flow on a log- 
arithmic scale. The systems with matrices are clearly superior to the system without a matrix| in this respect 

35 Since heat transferred implies fuel saved and friction losses imply that extra horsepower musi be supplied by 
the blowers, mis graph indicates that a small characteristic length scale of the matrix materiall Is preferable. 

Embodiments Not Utilizing Feed Tubes For Recuperative Heating 

40 Referring to the figures, in which like numbers designate tike components, Fig. 5 is a schematic diagram 
of a cross-section of an apparatus used for practicing the process according to the present invention. The ap- 
paratus comprises of a processor (10) comprising a matrix (11) of heat-resistant packing majerial supported 
at the bottom by a plenum (12) for distributing the gases as they enter into the matrix (1 1). Thb void (13) over 
the top of the matrix (11) precedes the outlet (25) that penetrates the end wall (14) made of a dense castable 

as refractory material behind which there is an insulating layer (15). The product gases sxitthroufl.h the refractory 
(14) and insulator (15) through the outlet (25). A dense castable refractory material (16) also seals the bottom 
of the processor (10). The sides of the processor (10) are encased with a Insulated shell (17), Preferably made 
of steel and lined on the inner surface with another insulating heat-resistant material such as firebrick. The inner 
surface of the steel may be protected by an appropriate corrosion-resistant material. Through the bottom of 

so the processor (1 0) is an inlet means (18) through which controlled air, fuel, and/or process gas is introduced 
into the processor (1 0). If necessary, the fuel or process gas may be heated prior to introduction to processor 
(10) by applying external heat to the mixed process gas prior to entering the processor (10) through line (18). 
The plenum and lower portion of the matrix (11) may be heated by a suitable preheater (19) trjat, for example, 
may pass forced heated air into the processor (1 0). At various points in the matrix (1 1 ) are located temperature 

65 sensing devices such as thermocouples (20) from which the output is fed into a microprocessor or program- 
mable logic controller (PLC) (21) that in turn controls the input of the fuel and/or process gas and control air 
or heat supply to control the proportions, flow and temperature of the input gases entering through line (18) 
into the processor (10). 
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Referring to Fig. 6, there is shown a schematic of the internal temperature zones and combustion wave 
of the processor shown in Fig. 5. Typically, during operation, there will be a cool zone (24) bellow the uniform 
oxidation or combustion temperature that is being maintained within the combustion wave. The combustion 
wave itself (22) will be maintained in a stable shape and uniform temperature at a location Within the matrix; 

s and above the combustion wave (22) will be a hot region (23). By using temperature sensors (20), the com- 
bustion wave (22) may be located within the matrix and moved to a desired point and main1]ained to have a 
desired height by controlling the input end of the processor (10). 

Referring to Fig. 7, there is shown another configuration of a processor that may be utilised according to 
the present invention. The processor (30) comprises an inlet (31) for introducing process gases and air. The 

10 item (32) is an inlet for the preburner for preheating the processor similar to that shown in Fty. 5 as (1 9). The 
matrix in mis instance comprises six different areas. Just below the void (33) mere Is a stack of peramic saddles 
(34) extending through a major portion of the height of the bed. Below the saddles (34) is a series of layers of 
ceramic balls of Increasing size. For example, layer (35) may comprise 1/8 inch (0.32 cm) d ameter ceramic 
balls, layer (36) 3/8 inch (0.95 cm) diameter ceramic balls, layer (37) 3/4 inch ( 1 .90 cm) d iameter ceramic balls, 

15 and layer (38) 1 1/2 inch (3.8 cm) diameter ceramic balls. The bottom layer (39) may comprise, for example, 
3 inch (7.62 cm) diameter ceramic baits, that are retained within the processor (30) by porous ceramic plugs 
(43) and (44). At the bottom of the bed the gases exit through outlet (40) and/or (41 ). if used. |s shown on the 
bottom of the processor (30), it is insulated by a layer of brick (42). 

Referring to Fig. 8, there is shown a processor (30) having a bed configuration similar to that as shown in 

ao Fig. 7. As in Fig. 7, the top area of the bed comprises ceramic saddles (34) preceded by a series of layers of 
ceramic balls of increasing diameter, layers (35) through (39), respectively. The bottom layer) (39) is retained 
within the processor (30) by porous ceramic plugs (43) and (44). However, in the configuration shown rn Fig. 
8, the process gas and air are introduced through inlet (57) at the bottom of the processor (30) ailid the preheated 
airfor preheating the processor (30) is introduced through inlet (58) also located at the bottom if the processor. 

25 Therefore, the gases exit at the top of the processor (30) through outlets (59) and/or (60), if used. 

Referring to Fig. 9, there is shown yet another configuration of a processor (62). This processor has a brick 
plenum (63) through which pass gases that exit outlet (70) or (52), if used. Above the brick layer (63) is a layer 
of ceramic balls (64) and a second layer (65) of balls of different sizes than those in layer (64). Finally, there 
is the major portion of the bed comprising saddles or ceramic balls (66). The inlet gases eriter through inlet 

so (67) and pass through void (68) before entering into the matrix layer (66). Preheated air for preheating the proc- 
essor (62) enter through inlet (69). 

Referring to Fig. 1 0, there is shown the same configuration as shown in Fig. 9 for a pi 
that the processing gases pass through the bed In the opposite direction. Accordingly, the pi 
oxygen are introduced through inlets (71 ) into a plenum lined with brick layer (72). The pi 

35 through inlet (73) from a preburner (not shown). The preheated air may optionally be formed tj; 
a preburner located on a combustion chamber (74), which combustion chamber serves to m 
the preheated gases prior to entry into the bed or plenum. The layers of ceramic balls and/or si 
and (66) are as described in connection with Fig. 9. The exit gases exit through outlets (78) anc 

40 Embodiments Utilizing Feed Tubes For Recuperative Heating 

Fig. 11 is a schematic diagram of a cross-section of a processor (80) used for practicing the process ac- 
cording to the present invention utilizing the recuperative aspect of the invention. Wails (82) and roof (84) of 
the processor (80) are made of a insulating heat-resistant material such as firebrick, castable refractory, insu- 

45 lating fiber modules, or a heat-resistant steel alloy. The processor (80) is encased in steel. The inner surface 
of the steel may be protected by an appropriate corrosion-resistant material, such as an elastomer or a tar-like 
coating. A dense castable refractory material also may seal the bottom of the processor (86) 

The processor (80) has an inlet port (88), an exhaust port (90), and a heating port (92). The inlet port (88) 
leads to an inlet plenum (94) at the bottom of the processor (80). A number of feed tubes (96) extend through 

so an impermeable, rigid tubesheet (98) preferably made of steel or metal alloy, and a heat resiitant ceramic in- 
sulating barrier (100) at the roof of the plenum (94), The tubesheet (98) provides mechanic^ support for the 
tubes (96). The lower ends of the feedtubes (96) are provided with caps (102) to retain the n 
(104) inside the tubes (96). The caps (102) are provided with orifices (106) to permit the fioU of gases ft 
the inlet plenum (94) to the tubes (96). The lowermost two or three layers of matrix packing (104) inside the 

w tubes (96) are preferably larger than the remaining matrix layers above, to diminish the possibility that small 
matrix materials could occlude the orifices (106). The upper ends of the feed tubes (96) may be secured to 
each other and the walls (82) to provide extra mechanical strength, although this was not foundjto be necessary 
in the preferred e 
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In the preferred embodiment, the feed tube (96) diameters are in the range of 0.25 to 30 jinches (0.64 to 
76.2 cm), more preferably in the range of 0.7S to 12 inches (1 .9 to 30.5 cm), and most preferably 1 .5 to 6 inches 
(3.8 to 15.2 cm). They are preferably installed in a regularly-spaced manner with the spacing-to-diameter ratio 
preferably 1 to 1 0, more preferably 1 .5 to 5, and most preferably 2 to 4. The length of the tubes (96) is preferably 

s 1 to 100 times the diameter of the interior of the processor (80), more preferably 1 to 10 times bie diameter of 
the Interior of the processor (80). and most preferably 1 to4timesthe diameter of the interior of the processor 
(80). The tubes (96) are preferably welded or press-rolled to the tubesheet (98). The therma^ conductivity of 
the tube material is preferably greater than 1 0 W/m 0 K, and most preferably greater than 30 W/rh°K. In addition 
to enhancing the heat transfer properties, the preferred tube sizes and spacings also provide 1 for better tube 

10 mechanical integrity and less costly welding and attachment operations than typical for a conventional heat 
exchanger. I 

The barrier (1 00) supports a matrix (1 04) of heat-resistant packing material. The matrix material (1 04) may 
be comprised of ceramic balls or ceramic foam as discussed above. The heat-resistant packing material of the 
matrix (1 04) fills the region between the barrier (1 00) and the void (1 08) at the top of the processor (80) including 

15 the interior of the feed tubes (96). The exhaust port (90) has heat-resistant screens (not shovjrn) to retain the 
matrix material (104) inside the processor. An outlet plenum, where pressure drop per unit distance traversed 
by the gas are lower than in the matrix, may be used to enhance the uniformity of distribution of the gases 
through the matrix. Preferred plenum materials include rigid grids of ceramic or metal alloy, ahd horizontally- 
or diagonally-layered packings of increasing or decreasing size. 

20 The matrix (1 04) may be heated by forcing heated gases such as air in through the heating port (92), and 
extracting the heated gases through the exhaust port (90). Alternatively, the matrix (104) may be heated by 
electric heaters or other means. During preheating, a low flow of ambient air may be Wed through the inlet port 
(88) and up through the heat exchanger/feeding tubes (96) to ensure the tube material is not Overheated. 
Once the matrix (1 04) has been heated to a temperature sufficient to combust the process gases, the pre- 
ss heating is terminated, and then the gases are introduced to the processor (80) through the inlet port (88). The 
apparatus of the present invention will also include means for controlling the fbwrate and composition of the 
process gases (not shown). The process gases may be heated prior to introduction to processor (80) by ap- 
plying external heat to the gases prior to entering the processor (80) with, for example, an external heat ex- 
changer. Exhaust gases are extracted from the processor (80) through the exhaust port (90). | 

30 It is desirable to maintain a well-stirred reaction zone at the upper end of the feed tubes (9|B). This may be 
accomplished by measuring the temperature of the matrix (104) in this region and controlling|reaction matrix 
parameters in accordance with the temperature information. For instance, if the temperature declines, supple- 
mental fuel can be added, or supplemental air can be reduced to prevent migration of toe cajmbustion zone 
down along toe outside of the tubes (96). If the temperature increases, supplemental fuel can be reduced or 

35 supplemental air can be added to prevent the combustion zone from migrating down the insfcie of the tubes 
(96). 

Typically, during operation, the well-stirred combustion region will be maintained In a stabje configuration 
in the region near the ends of the feed tubes (96). As the exhaust gases flow down past the Feed tubes (96) 
they heat the feed tubes (96) and the matrix (104) by forced convection. Although radiant heating also contri- 

«) butes to heat transfer from the exhaust gases to the matrix (1 04) and the feed tubes (96), thii contribution is 
generally small compared to the convective heat transfer. 

Because the hot exhaust gases flow in the matrix (104) below the combustion region, the rnatrbc (1 04) has 
a much less steep temperature gradient than would occur in the absence of the forced convection. The solid 
curve of Fig. 12 depicts the temperature profile as a function of height for processor (80) ofthk preferred em- 

45 bodiment. The combustion region near the top of the processor (80) has the highest temperatjjre, in this case 
approximately 1900°F (1040 4 C). The temperature decreases with decreasing altitude, to reacji a value of ap- 
proximately 500°F (260*C) near the bottom of the matrix. The heat of the matrix materials (104) is radiantly 
transferred to the feed tubes (96). The temperature profile of the feed tubes (96) is approximately equal to the 
temperature profile of the matrix (104), i.e., the radiant coupling between the matrix (104) and the tubes (96) 

so can be considered to be predominantly in directions orthogonal to the longitudinal axes of thej tubes (96). 

The dot-dash curve of Fig. 12 depicts the temperature profile of a system wherein the exhaust gases are 
allowed to escape, for instance through the top of the processor (80), without reversing direction and flowing 
through the matrix (104) external to the tubes (96). Heat transfer through the matrix (104) wcfuld in this case 
be solely due to conduction and intra-matrix surface radiation, and the temperature profile wojiid decay expo- 

55 nentially with distance in the region below the combustion region. Clearly, the recuperative hem transfer to the 
feed tubes would be substantially decreased. The forced convection of toe preferred embodiment contributes 
to the heating of the feed tubes (96) and the matrix materials (1 04) in the vicinity of the feed tubes (96). At high 
temperatures associated with combustion heat, energy is transferred from the matrix (104) to the feed tubes 
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(96) dominantly by intra-rnatrix surface radiation, since the surface radiation goes as temperature to the fourth 
power while conduction and convection energy transfers go as the spatial derivative of temperature and there- 
fore roughly as the first power of temperature. Similarly, fiie heat transfer from the feed tubes to the interior 
matrix {1 04) is dominated by the thermal radiation mechanism. 

Because the process gases are generally "optically thin," heat transfer from the feed tubes (96) and the 
matrix (104) inside the feed tubes (96) to the gas is dominated by convection rather than thermal radiation. 
The interior matrix (1 04) greatly increases the amount of surface area exposed to the reactant gases, and there- 
fore increases the amount of heat transfer to the reactant gases. 

Clearly, the matrix (104) surrounding, and interior to, the feed tubes (96) plays an important role in the ef- 
ficient heattransferfrom the exhaust gases to the incoming reactant gases. Without the matrix|(104), radiative 
and conductive heat-transfer mechanisms would be minimal, and the heat transfer would haye to be due to 
convection. 

Referring now to Fig. 1 3, there is shown another configuration of a processor (80) that maV be utilized ac- 
cording to the present invention as a boiler. The construction of this embodiment is essentiajly the same as 
the processor illustrated in Fig. 11 , except for the addition of a boiler tube (110). The boiler tube (110) enteis 
and exits the processor (80) through the side walls (82). In alternative embodiments, the boilerj tube (1 1 0) may 
enter and/or exit the processor (80) from the roof (84) or through the barrier (100), the boilerjtobe (110) may 
exit the processor (80) on a different side than the side from which it enters, or the boiler tube (110) may be 
capped so that it has no exit The boiler tube (110) makes an anfractuous path through the matrix (104) since 
the amount of heat transfer to the tube (110) increases with the length of the path through tijte matrix (104). 
The boiler tube (110) may contain water (for conversion to steam) or another type of working gas or fluid. 

The hot exhaust gases from the exothermic reaction of the process gases pass down through the matrix 
(1 04) past the feed tubes (96) and the boiler tube (1 1 0), and exit through the exhaust port (90). As discussed 
above, the dominant mechanism for heat transfer from the hot exhaust gases to the feed tubes (96) and the 
boiler tube (110) is convecth/e heat transfer to the matrix (104) and radiative heat transfer from the matrix to 
the boiler tube (1 1 0) and the feed tubes (96). The boiler tube (110) may contain a working liquid or gas and It 
may also contain a matrix (104) in the interior to promote heat transfer. 

In summary, apparatus (80) and methods for preheating gases to be introduced to a reaction matrix (104) 
using an efficient recuperative heat exchange system have been described. It can be seen jhat this system 
heats the reactant gases to temperatures approaching the temperature of the well-stirred combustion region. 
The combustion temperature and residence times in the present combustor are lower than those of a conven- 
tional incinerator, thereby providing a high conversion of reactants to products with a minimijm of unwanted 
by-products such as NO,. Eff icient heat transfer is obtained by passing the hot exhaust gases tjhrough a matrix 
(1 04) surrounding the thermally conducting feed tubes (96). and passing the incoming reactant gases through 
a matrix (1 04) interior to the feed tubes (96). 

The present invention has been described in terms of several preferred embodiments, however, the in- 
vention is not limited to the embodiments depicted and described, butcan have many variations|within the spirit 
of the invention. For instance, the feed tubes (96) can be oriented any angle; the feed tubes (9a) need not have 
parallel orientations; they may be configured as J-tubes, U-tubes, bayonet closed-ended tubes, spiral tubes 
or tube sheets; additional tubes carrying working fluids may pass through the matrix; the metric material (104) 
can have a distribution of characteristic length scales; the characteristic length scale of the matrix material (104) 
can vary from bottom to top or side to side; the plurality of feed tubes (96) can be replaced with ajsingle, possibly 
anfractuous, feed lube; the flow through the system may be reversed so that the exhaust gases exit, rather 
than enter, the system through the feed tubes (96); the fiow of reactants to the reaction maWx (104) may be 
controlled by a microprocessor that monitors temperatures within the matrix (104); the matrix (104) may have 
heat conducting rods embedded therein to promote heattransferfrom the combustion region to| the lower parts 
of the feed tubes (96); the matrix (104) may contain a catalyst for the reaction; or there may be a plurality of 
exhaust ports. 

Accordingly, the scope of the invention should be determined not by the embodiments illustrated, but rather 
by the appended claims and their legal equivalents. Having thus described the invention, whaljis desired to be 
protected by Letters Patent is presented by the following appended claims. | 



A method for the exothermic combustion of a process gas within a matrix bed of heat resistant material 
in a f lameless combustor comprising the steps of: 
(a) heating a portion of the matrix bed above me autoignitJon temperature of the process gas; 
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{b) feeding the process gas into a plenum within the combustor; 

(c) directing the process gas Into the matrix bed of heat resistant material from the plenum, whereby 
the process gas is oxidized within the matrix bed within a combustion wave; and 

(d) controlling the position of the combustion wave within the matrix bed. 

2. A method for the exothermic combustion of process gas within a matrix bed of heat resistant material in 
a flameless combustor comprising the steps of: 

(a) heating a portion of the matrix bed above the autoignition temperature of the process gas; 

(b) feeding the process gas through a processor inlet of the combustor and into a plehum within the 
combuston 

(c) directing the process gas from the plenum through one or more feeding tubes, each of the feeding 
tubes having an inside portion, an entrance end, and an exit end, the one or more feeding tubes ex- 
tending through a gas impermeable barrier such that the entrance end of the feeding tubes is located 
within the plenum and the exit end of trie feeding tubes is positioned within the matrix jbed, the Inside 
portion of the feeding tubes containing heat resistant material; 

(d) directing the process gas from the exit end of the one or more feeding tubes through the matrix bed 
and to a processor outlet; 

whereby the process gas is oxidized within the matrix bed within a combustion wave, and where- 
by the process gas is recuperatively heated in the one or more feeding tubes prior to Its combustion by 
the thermal energy produced during the combustion process in the matrix bed; and 

(e) controlling the position of the combustion wave within the matrix bed. 

3. The method of claims 1 or 2 comprising the further steps of monitoring the temperature oj the matrix bed 
along the process gas flowpath and controlling the position of the combustion wave withirj the matrix bed 
in response thereto. } 

4. The method of claim 3 wherein the step of controlling the position of the combustion wave vjrithin the matrix 
bed is achieved by adjusting the volu me of ah- or oxygen supplied to the matrix bed, by adjusting the volume 
of supplemental fuel supplied to the matrix bed, or by cooling or heating the matrix bed. ^ 

5. The method of claim 3 wherein the step of controlling the position of the combustion wave within the matrix 
bed is achieved by adjusting the flowrate of the process gas. 

6. The method of claim 3 comprising Hie further step of admixing air, oxygen, or supplemental fuel, or both 
with the process gas prior to feeding the process gas to the matrix bed. 

7. The method of claims 3 or 6 wherein the combustion wave is controlled at a process ga s feed flowrate 
such that the calculated velocity of the mixture of gases entering the combustion wave, adjusted to con- 
ditions of standard temperature and pressure, is greater than the laminar or turbulent fiarrrespeed of that 
gaseous mixture at the same conditions in absence of the matrix bed. 

8. The method of claims 3 or 6 wherein the composition of the mixture of gases entering tt b matrix bed is 
outside the explosion limit of the gases. 

9. The method of claims 3 or 6 wherein the length of the combustion wave is from about 2 to f bout 1 6 inches 
{5 to 41 cm). 

10. The method of claims 3 or 6 wherein the matrix bed temperature is maintained betweeiji about 1400°F 
{760°C) and about 3500°F (1 925°C) in the combustion wave. 

11. The method of claims 3 or 6 wherein the oxidized gas has a NO„ content less than abcjut 40 parts per 
million by volume and the carbon monoxide content is less than about 10 parts per milltoiji by volume, on 
a dry basis, adjusted to 3% oxygen . 

1Z The method of claims 3 or 6 wherein the mixture of gases introduced into the matrix bed jias an intermit- 
tently varying composition of one or more constituents, an intermittently varying temperature at the inlet 
of the processor, or an intermittently varying flowrate. 

13. The method of claims 3 or 6 comprising the further steps oft 

(i) providing a heat exchange tube that passes through the processor and through a portion of the matrix 
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bed; and 

(ii) circulating a fluid through the tube, 

whereby the fluid gains thermal energy upon passing through the tube by heat transfer from the 
matrix bed. 

14. The method of claim 2 wherein the processor outlet is positioned as an outlet from the matrix bed such 
that the combustion products flow in a countercurrent fashion along an outer portion of the one or more 
feeding tubes prior to exiting the oombustor through the processor outlet 

15. The method of claims 3 or 6 comprising the further step of mixing the gases prior to introducing the gases 
Into the matrix bed. 

16. The method of claims 3 or 6 wherein the heat resistan t materials comprise ceramic balls, celramic saddles, 
ceramic pall rings, ceramic raschrng rings, ceramic foam, ceramic wool, metal foam, or metal wool. 

17. The method of claim 16 wherein the matrix bed comprises various size heat resistant materials. 

18. The method of claim 16 wherein the matrix bed comprises at least two layers of heat resistant materials 
wherein the layers are comprised of different size heat resistant materials. 

19. Aflameless oombustor, comprising: 

(a) a processor (10) having an inlet for Incoming process gases (1B) and an outlet for reaction gaseous 
products (25); 

(b) a portion of the processor including a matrix bed of heat resistant material (11) and a void space 
(13); 

(c) a plenum (1 2), located between the processor inlet (1 8) and the matrix bed (11 ) within the processor 

(10) ; 

(d) thermocouples (20) for sensing the temperature of the matrix bed (11); 

(e) one or more inlets (18) to said processor (10) for control air, oxygen, or supplemental fuel; 

(f) means for adjusting the flow rate of the control air, oxygen, or supplemental fuel; arid 

(g) means for adjusting the flow rate of the process gas. 

20. A flameless combustor, comprising: 

(a) a processor (80) having an inlet for process gases (88) and an outlet for reaction gaseous products 
(90); 

(b) a portion of the processor including a matrix bed comprising heat resistant material (104) and a void 

plenum (94) located between the processor inlet (88) and the matrix bed (1 04) withiji the processor 
(80); 

(d) a gaseous impermeable barrier (98) separating the matrix bed from the plenum (94); and 

(e) one or more feeding tubes (96) having an inside portion, an entrance end, and an ejcit end, the one 
or more feeding tubes extending through the barrier such that the entrance end of the orte or more feed- 
ing tubes is located in the plenum and the exit end of the one or more feeding tubes is positioned within 
the matrix bed, the inside portion of the one or more feeding tubes containing heat resistant material. 

21. The combustor of claim 20 comprising further 

(i) thermocouples (20) for sensing the temperature of the matrix bed; 

(11) one or more inlets (18) for control air, oxygen, or supplemental fuel; 

(iii) means for adjusting the flow rate of the control air, oxygen, or supplemental fuel; dnd 

(iv) means for adjusting the flow rate of the process gas. 

22. The combustor of daims 19 or 21 comprising further a control system (21) for accepting input from the 
thermocouples (20) and , in response thereto, controlling the means for adjusting the flow rate of the control 
air, oxygen, or supplemental fuel, or the means for adjusting the flow rate of the process pas. 

23. The combustor of claim 21 wherein the spacing-to-diameter ratio of the feeding tubes is from 1 .5 to 5. 

24. The combustor of claims 19 or 21 further comprising a preheater (19) for heating the mairix bed. 



25. The combustor of claims 21 or 23 wherein the processor outfet (90) is positioned as an outlet from the 
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matrix bed (1 04) such that the combustion products will flow in a countercurrent fashion! along an outer 
portion of the one or more feeding tubes (96) priorto exiting the combustor through the processor outlet 
(90). 

26. A flameless combustor, comprising; 

(a) a processor 1 0) having an inietfor process gas (1 8) and an outlet (25) for reaction gaseous products; 

(b) a portion of the processor including a matrix bed comprising heat resistant materiali(11) and a void 
space (13); 

(c) means for mixing and distributing the process gas (12) prior to flowing the gas through the matrix 
bed (11); 

(d) means for sensing the temperature (20) of the matrix bed; 

(e) means for admixing air, oxygen, or supplemental fuel (18) with the process gas; 

(f) means for heating or cooling the matrix bed (18,19); and 

(g) process control means (21 ) for receiving input from the temperature sensing means aod, in response 
thereto, for controlling the means for admixing air, oxygen, or supplemental fuel, or the jneans for heat- 
ing or cooling the matrix bed. 

27. The combustor of claim 26 comprising further means for controlling the f lowrate of the process gas (1 8) 
and wherein the process control means also controls the means for controlling the f lowrate of the process 
gas. 

28. The combustor of claim 26 comprising further means for preheating the matrix bed (1 9). 

29. The combustor of claims 19, 21 , 25, or 26 wherein the heat resistant materials comprisA ceramic bails, 
ceramic saddles, ceramic pall rings, ceramic raschtng rings, ceramic foam, ceramic wool] r 
metal wool. i 

30. The combustor of claims 19, 21, 25, or 26 wherein the matrix bed comprises at least two layers of heat 
resistant materials wherein the layers are comprised of different size heat resistant matejials. 

31. The combustor of claims 1 9, 21 , 25, or 26 comprising further a heat exchange tube (110) expending through 
the processor and through a portion of the matrix bed. 
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